Background and aims
Introduction Type 1 diabetes (T1D) is the late consequence of a β-cell-targeted autoimmune disease that is thought to spare other endocrine and exocrine cell types of the pancreas. Functional alterations in glucagon secretion have long been described in T1D, including hyperglucagonemia, which may contribute to hyperglycemia [1] [2] [3] [4] but also to decreased glucagon secretion in response to hypoglycemia [5, 6] . However, there is little anatomical information on α-cell mass in T1D [7] [8] [9] [10] . Similarly, the exocrine pancreas is both anatomically and functionally affected in longstanding T1D [11] [12] [13] [14] [15] , but the causes of exocrine alterations are poorly understood. This raises the question whether the β-cell specific disease of T1D may later affect the pancreas as a whole.
The Network for Pancreatic Organ Donors (nPOD) has been created to provide access to high-quality pancreatic specimens for research purposes [16] . To date, the nPOD repository includes more than 400 pancreata. High-magnification digital images (virtual slides) stained for different markers are available on the nPOD website (www.jdrfnpod.org). Taking advantage of our previous experience with β-cell quantification [17] , we developed an automated quantification method, using R software, to analyze the nPOD glucagon-stained virtual slides. We were thus able to characterize the α-cell mass in patients with T1D compared to non-diabetic control subjects and its relationship to disease duration.
Design and methods

Study subjects
Glucagon-stained digital slides of the pancreas from 112 patients with T1D and 114 non-diabetic control subjects were available from the nPOD repository as of April 2015. We elected to analyze only the 77 patients with T1D and 77 control donors for whom at least 4 glucagonstained slides (2 from the head and 2 from the tail of the pancreas) and 2 insulin-stained slides (1 from the head and 1 from the tail) were available. Two patients with T1D were excluded because of slides that could not be used for quantification (poor quality of staining of section), and children under 4 years of age (n = 11 for control subjects and none for donors with T1D) were also excluded because of the reported specificities of the infant's pancreas. Thus, we included 75 patients with T1D and 66 control subjects, for whom α-, β-exocrine and non-exocrine areas were measured. Non-exocrine-non-endocrine area was defined as the total pancreatic tissue area (excluding lymph nodes) minus the islet and the acinar area, thus corresponding to the sum of ducts, vessels, fatty degeneration and fibrosis. α-and β-cell mass were measurable only in the 66 patients with T1D and 50 control subjects for whom the weight of the pancreas was available. The whole process of slides selection has been summarized on a flowchart (S1 
Pancreas sampling and processing
nPOD employs a standardized protocol for pancreas specimen preparation. Each pancreas is divided into three regions: the head, from the near-duodenal region up to the proximal isthmic region, located in front of the superior mesenteric vessels; the body and tail portions are then defined by dividing the remaining pancreatic tissue into two equal parts. Each region is processed into formalin-fixed paraffin blocks. Serial sections are stained by hematoxylin and dualcolor immunohistochemistry, either Ki67 and insulin or CD3 and glucagon, visualized with peroxidase-diaminobenzidine and alkaline phosphatase-Fast Red polymer systems, respectively. Stained sections are scanned at 320x magnification using an Aperio CS scanner (Leica/ Aperio) and pictures are finally stored in an online pathology database (eSLIDE; Leica/ Aperio). For the present study, virtual slides were downloaded and analyzed at 100x magnification with a resolution of 1 μm/pixel, giving picture sizes comprised between 1x10 8 and 6x10 8 pixels.
Statistical analysis
Data are expressed as mean (± SD). Analyses were carried out using R and GraphPad Prism 7. Differences between groups were evaluated using the Mann-Whitney non-parametric test.
Correlations were evaluated using the Spearman signed rank test. Multivariate analysis with correlated variables was made by forward stepwise regression, the order of variables was determined by their explanatory power in univariate analysis.
Results
Development of an automated morphometric analysis process
α-cell area was quantified on glucagon-stained slides (4 slides by patient, 2 from the head and 2 from the tail), β-cell area on insulin-stained slides (2 slides by patient, 1 from the head and from the tail), and non-exocrine-non-endocrine (non-acinar, non-insular) pancreatic tissue area on both insulin-and glucagon-stained slides (i.e. 6 slides by patient, 3 from the head and 3 from the tail). On each slide, three different areas were evaluated: the total pancreatic tissue area, the nonexocrine-non-endocrine pancreatic tissue area and the Fast Red-stained area, the latter corresponding either to alpha-cells or to beta-cells area, depending on the immunostaining.
In R software, a picture is converted into 3 matrices, corresponding respectively to the blue, green and red color levels, each matrix element accounting for one pixel. The principles used for the selection of the pixels, belonging to the 3 predefined areas were the following.
For total pancreatic tissue area delineation, the first step consisted in resizing the original picture to one hundredth of its full-resolution initial size. In other words, the original picture, whose size was between 1x10 8 and 6x10 8 pixels, was divided into squares of 10-pixel sides, each of these squares being integrated, in the resized picture, into one single central pixel, whose blue, green and red color levels were respectively the mean of blue, green and red levels from the 10x10 corresponding pixels in the original picture. This step allowed the smoothing of the existing discontinuities in the original picture to define a continuous pancreatic tissue surface (S2 Fig). The next step consisted then in the selection of any colored pixel, i.e. any pixel whose blue, green and red color levels were superior to the respective color levels of background pixels in the resized picture (Fig 1) . The main difficulty in automating this process was to be able to take into account the differences in contrast and staining intensity between slides. The choice was therefore made to build an R script aimed at generating several propositions for total pancreatic tissue selection, by varying the color level threshold used by the different filters applied in the script (S1 File). An additional step of visual selection of the most accurate proposition by one investigator (FBS), in comparison to the original picture, was further carried out, allowing a critical step of visual control in the automated process (Fig 1) . For exocrine+endocrine pancreatic tissue area delineation, the first step also consisted in resizing the original picture, like in the total area delineation, but to a bigger size than for total pancreatic tissue, i.e. to one twentieth of its initial size. The next step consisted in the selection of either hematoxylin-stained blue pixels, i.e. colored pixels, whose blue level was superior to green and red levels, or to diaminobenzidine, brown, pixels or Fast Red, red, pixels, defined as colored pixels, whose red level was superior to green level. The R script intentionally generated automatically several propositions for exocrine+endocrine pancreatic tissue selection (S2 File). The choice of the most adequate selection by the investigator added a second step of visual control in the automated process (Fig 2) .
Given the small size of Fast Red-stained regions, the use of the full resolution picture was necessary for appropriate selection of the corresponding area. However, given the large size of the original picture, this required its split into several smaller pictures to allow easy manipulations within R software. The final Fast Red-stained selected area was then calculated by summing the results obtained on each small picture. The selection principle of Fast Red-stained pixels relied on the selection of colored pixels whose red level was higher than blue and green levels. However, the main difficulty encountered in this process was the presence of light pink artifact pixels on some slides, most often organized into large very slightly colored sheets, but sometimes with a color intensity similar to that of some weakly Fast Red-stained alpha-or beta islet cells. Thus, to gain detection sensitivity without losing specificity, a multi-step selection R-script was built (Fig 3) (S3 File). Briefly, assumption was made that every truly positive Fast Red-stained pixel should either display a high red level itself or a high red level pixel in its vicinity; artifact pixels being low in intensity and located in expanded regions only containing low red level pixels. Hence, the first step of the script selected high red level pixels ( Fig 3B) ; the second step drew circles with a 50-pixel radius around each selected pixel (Fig 3C) , thus pinpointing the regions where true Fast Red-stained pixels were located; and the final step identified the red pixels with a lower threshold within these circles as Fast Red-stained pixels ( Fig  3D) . The main drawback of this approach should be the inappropriate selection of islet neighboring tissue submitted to bleeding of the overstaining existing on some slides. However, the validation of the present methodology on some well-established parameters, as beta-cell mass, suggested that this effect was negligible (Fig 4) . The whole process of picture analysis has been summarized on a flowchart (S3 Fig) (S4 File) .
Characteristics of the subjects and of the pancreata
The clinical characteristics of subjects are summarized in Table 1 , with the details of each studied case listed in S1 Table. Data of many of the studied patients have already been presented in previous reports using the nPOD repository.
The weight of pancreas correlated with body weight both in patients with T1D (r = 0.53, p<0.0001, n = 66) and in control subjects (r = 0.63, p<0.0001, n = 50) (S4 Fig). However, as already reported for subjects of the nPOD repository [10, 18] and elsewhere [11, 12] , the weight of the pancreas was significantly decreased in patients with T1D in whom it was 39 ±16 g as compared to 74 ±23 g in control subjects, (p<0.0001), suggesting that the whole pancreas is affected in T1D.
Furthermore, the weight of pancreas did not correlate with diabetes duration in patients with T1D (r = 0.10, p = 0.41, n = 66) (S5 Fig), suggesting that alterations of the whole pancreas occurred early in the natural story of disease.
β-cell mass quantification validates the morphometric analysis method
To validate our quantification method on Fast-red-stained slides, we first used it to quantify the β-cell mass, which is a well characterized parameter. Patients with T1D had a ratio of β-cell to total tissue area of 0.06±0.18% (n = 77), which was, as expected, significantly lower than that of control subjects in whom it was 0.82±0.78% (n = 66), (p<0.0001) (Fig 5A) . Concordantly, the β-cell mass of patients with T1D was 29.6±112 mg (n = 66), and also drastically reduced compared to that of control subjects, in whom it was 628 ±717 mg (n = 50), (p<0.0001) ( Fig  5B) . The β-cell mass was however not correlated with duration of diabetes (r = -0.19, p = 0.13, Selected Fast Red-stained pixels and subsequent results. Given that these 3 different areas were evaluated on pictures of different sizes (full-resolution picture for Fast Red-stained area versus resized pictures for total and exocrine+endocrine pancreatic tissue areas), all the results were normalized by the whole slide surface to allow further calculation of the parameters of interest, i.e. ratio of non-exocrine-non-endocrine pancreatic tissue (total pancreatic tissue minus exocrine+endocrine pancreatic tissue) to total pancreatic tissue area and ratio of either α-or β-cell area to total pancreatic tissue area, further converted into mass by multiplication by pancreas weight when this data was available. To take into account the difference in tissue area between slides, the average calculated for each patient, on respectively 6 slides for the ratio of non-exocrine-non-endocrine pancreatic to total pancreatic tissue, 4 slides for the ratio of α-cell area to total pancreatic tissue ratio and 2 slides for the ratio of β-cell area to total pancreatic tissue ratio, was weighted according to the total pancreatic tissue area of each slide.
https://doi.org/10.1371/journal.pone.0191528.g004 Fig). β-cell mass values here reported were similar to those reported in the literature, both in patients with T1D and in control subjects [10, 17, 19, 20] , thus validating our automated quantification method.
The α-cell mass is lower but the relative α-cell area is similar in patients with T1D compared with controls
We quantified the α-cell area in patients with T1D and in control subjects and we calculated α-cell mass in the subjects in whom the weight of the pancreas was available. The ratio of α-cell to total tissue area ratio was slightly but not significantly higher in patients with T1D in whom it was 0.52±0.47% (n = 75) as compared to 0.46±0.29% (n = 66) in control subjects (p = 0.77; Fig 5C) . However, due to the lower weight of the pancreas in patients with T1D, the α-cell mass of the patients with T1D, 181±176 mg (n = 66) was significantly lower than that of control subjects, in whom it was 349±241 mg (n = 50, p<0.0001; Fig 5D) . The α-cell mass did not correlate with age, neither in patients with T1D (r = 0.07, p = 0.56 n = 66), nor in control subjects (r = 0.26, p = 0.06, n = 50). However, there was a trend toward increased α-cell mass with age in controls, which was not observed in patients with T1D ( Fig  6A) . α-cell mass correlated with body weight both in patients with T1D (r = 0.31, p = 0.011, n = 66) and in control subjects (r = 0.46, p = 0.0007, n = 50) (Fig 6B) . Finally, α-cell mass did not correlate with disease duration (r = -0.03, p = 0.83, n = 66) in patients with T1D ( S7 Fig) . We next investigated the distribution of α-cells throughout the pancreas. Both in T1D patients and controls, the α-cell/total tissue area ratio was significantly lower in the head compared with the tail of the pancreas (0.34% in the head vs 0.69% in the tail in T1D patients and 0.30% in the head vs. 0.61% in the tail in controls, p<0.0001 in both cases; Fig 7) .
Thus, while the α-cell/total tissue area ratio and the distribution of α-cells within the pancreas were not different between T1D patients and controls, the α-cell mass was lower in T1D patients, reflecting the decreased weight of the pancreas.
Non-exocrine-non-endocrine pancreatic tissue, i. e., fatty degeneration and fibrosis in T1D
Because the weight of the pancreas was decreased in patients with T1D, who also had decreased β-and α-cell mass, and because alterations of the exocrine function have been Alpha-cells and exocrine pancreas in type 1 diabetes described in long term in patients with T1D [14] , we asked whether there was an anatomical substratum to altered exocrine function in T1D. Structural alterations of the exocrine pancreas were expressed as the ratio of non-exocrine-non endocrine tissue area to total pancreas area [17] . This ratio was higher in patients with T1D (39±9%, n = 75) than in control subjects (29 ±10%, n = 66, p<0.0001; Fig 8A) . The value we observed in control subjects was very similar to that we observed in a previous analysis of control subjects of the nPOD repository [17] . The ratio of non-exocrine-non-endocrine tissue area to total pancreas area correlated with age in both groups: r = 0.47 in patients with T1D, (n = 75, p<0.0001) and r = 0.31 in control subjects (n = 66, p = 0.01). Nevertheless, patients with T1D had higher ratio of non-exocrine-nonendocrine to total pancreas area than control subjects at all ages (Fig 8B) .
Non-exocrine non-endocrine to total pancreas area ratio was weakly correlated with diabetes duration in patients with T1D (r = 0.26, p = 0.02, n = 75) ( S8 Fig). However, this association was not significant in multivariate analysis that included both age and diabetes duration as variables.
These results show that structural alterations, fatty degeneration and fibrosis, of the exocrine pancreas increased with age both in patients with T1D and control subjects, and that these structural alterations were more severe in patients, irrespective of T1D duration. Collectively, these results suggest that T1D does not only affect β-cell but also impairs α-cells and the exocrine pancreas.
Discussion
Despite well characterized alterations in glucagon secretion and exocrine function in patients with T1D, there are few anatomical descriptions that could help understanding these functional alterations. By describing such anatomical alterations, we were interested to know whether anatomical alterations of α-cells and exocrine pancreas were associated in patients with T1D, a fact that would suggest that the disease may extend beyond β-cells. The nPOD project offered a good opportunity for such a study. Building on our previous report about β-cell quantification [17] , we here developed a similar strategy to quantify α-cells in patients with T1D. Our method was extensively automated yet open to visual inspection at each step, which is rarely the case in other quantification studies. Another advantage that may encourage further studies on this and other repositories is the use of the free software R as a single platform for both image analysis and surface ratio calculations. The quantification method was first validated for β-cell mass assessment, a parameter that has been extensively studied, including in the nPOD repository [10, 17] . In non-diabetic control subjects, β-cell mass was close to that calculated in nPOD subjects, by us [17] and by others [10] . Elsewhere, the β-cell mass was 800-900 mg in adults [19, 20] . The present method thus gave slightly lower estimates than the literature, at least in part because, unlike methods based on point counting, we did not take into account the nuclear area, since only the cytoplasm was Fast-red-stained. In patients with T1D, the β-cell mass was close to zero, confirming our previous study [17] and another nPOD-based study [10] .
The main finding of the present work was that the α-cell mass was decreased in patients with T1D. The α-cell mass has seldom been measured in patients with either T1D [7] [8] [9] [10] or type 2 diabetes [8, 21, 22] . In control subjects, α-cell mass was previously measured at 347±183 mg (n = 52) [21] , very close to our calculated value at 349±241 mg (n = 66). In comparison, Campbell-Thompson reported a higher value of 495±320 mg (n = 57) in control subjects [10] . The ratio of α-cell area to pancreas area was previously estimated at 0.49±0.44% [22] , also close to our own estimation and slightly diverging from another estimation based on nPOD data, in which the α-cell area ratio was found to be~0.7% in non-diabetic subjects [10] . Based on these latter findings, Campbell-Thompson et al. [10] reported that the α-cell mass was similar in patients with T1D and in control subjects, whereas we report that the α-cell mass was decreased in patients with T1D. To our knowledge, the study of J. Rahier et al. [8] was the only other study that quantified α-cell mass in subjects with T1D. These authors reported that the α-cell mass was not significantly lower in patients with T1D, but their study was underpowered due to the analysis of only 4 pancreata from patients with T1D and 8 organs from control subjects [8] . Thus, although the present quantification of α-cell mass differs from that of Campbell-Thompson et al. [10] , our results in control subjects are close to other published data, thus further validating our method.
The correlation between α-cell mass and body weight we observed in control subjects is consistent with the recently described increased fasting plasma glucagon concentration observed in subjects with insulin resistance [23] . However, whether decreased α-cell mass in T1D has functional implications is difficult to appreciate in light of current knowledge, considering the complexity of regulation of glucagon secretion. Indeed, patients with T1D have been reported to harbor functional alterations in glucagon secretion that go in two opposite directions, i. e. decreased glucagon secretion in response to hypoglycemia [5, 6] , and fasting hyperglucagonemia with inadequate plasma glucagon decrease in response to meals [2, 3, 24] . Inadequate glucagon suppression after meals is observed at the time of T1D diagnosis, and worsens during the first following years [25] . Nevertheless, the relative hyperglucagonemia is not inconsistent with our result of decreased α-cell mass in T1D patients. Indeed, the reduction we observed in α-cell mass was much lower than the reduction in β-cell mass. Furthermore, it is now established that there are extra-pancreatic sources of glucagon in man [26] that respond paradoxically to oral challenge [27] , making the identification of the source of circulating postprandial glucagon currently unsettled in man.
However, the link between beta-cell mass and beta-cell function has been previously established in several studies in healthy living donors who had undergone hemipancreatectomy [28] [29] [30] , all of them reporting a deterioration of insulin secretion and glucose tolerance in these subjects. This model is particularly relevant since individuals undergoing hemipancreatectomy exhibit a significant decrease in beta cell mass while beta-cell area to total pancreatic tissue ratio is conserved. Moreover, Seaquist and al. [31] also reported that alpha cell function was altered in healthy living donors who had undergone hemipancreatectomy, as shown by a decrease in arginine-induced glucagon secretion in comparison to a population of matched controls.
The paradoxical decrease in α-cell mass with preserved α-cell ratio in patients with T1D reflected the decrease of pancreas weight [11] [12] [13] . This confirmed that the exocrine tissue is also affected in T1D, since endocrine tissues represent only 1-2% of the total pancreatic mass. In addition to the decrease in pancreas weight, there were structural alterations of the exocrine tissue in patients with T1D, that, at variance with the functional alterations of exocrine function, were not associated with T1D duration [13, 14] . As previously described [17] , non-exocrine-non-endocrine tissue increased significantly with age, both in patients with T1D and in control subjects, reflecting the age-associated fatty degeneration of the pancreas [32] . However, patients with T1D had a higher non-exocrine-non-endocrine tissue area to total pancreas area than non-diabetic subjects regardless of age, suggesting that T1D is a disease not confined to β-cells but rather involving the whole pancreas. Infiltration of the exocrine pancreas by CD8 + T cells is common observation in patients with type 1 diabetes [33] and O Korsgren has made the hypothesis that type 1 diabetes is mainly a disease of the whole pancreas [34] . However, contrary to β-cells, α-cells did not seem to be specifically targeted in T1D, since their decrease paralleled that of the whole pancreas, while the α-cell to total pancreas area ratio was unchanged compared to control subjects.
In conclusion, based on a novel quantification method of nPOD virtual slides, we observed that the α-cell mass was reduced in patients with T1D, while the ratio of α-cell to pancreas area was not affected. Pancreas fatty degeneration was associated with ageing in both control subjects and patients with T1D but was higher in patients with T1D at all ages and irrespective of T1D duration, pointing to an early event in the natural history of the disease. Together with the reported decrease in pancreas weight, these results collectively suggest that T1D is not limited to β-cells, but is associated with structural alterations of both the α-cells and the exocrine pancreas. 
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